THE STABILITY OF THE ACID-BASE EQUILIBRIUM OF THE BLOOD IN NATURALLY NEPHROPATHIC ANIMALS AND THE EFFECT ON RENAL FUNCTION OF CHANGES IN THIS EQUILIBRIUM : II. A STUDY OF THE EFFICIENCY OF AN ALKALI TO PROTECT THE NATURALLY NEPHROPATHIC KIDNEY AGAINST THE TOXIC EFFECT OF AN ANESTHETIC. by MacNider, William deB.
THE  STABILITY  OF  THE  ACID-BASE  EQUILIBRIUM  OF 
THE  BLOOD  IN  NATURALLY  NEPHROPATHIC 
ANIMALS  AND  THE  EFFECT  ON  RENAL 
FUNCTION  OF  CHANGES  IN 
THIS  EQUILIBRIUM. 
II.  A  STUDY OF  THE  EFFICIENCY OF  AN  ALKALI TO  PROTECT THE 
NATURALLY NEPHROPATHIC KIDNEY AGAINST THE TOXIC 
EFFECT  OF  AN  ANESTHETIC.* 
BY WILLIAM  DEB. MAcNIDER, M.D. 
(From  the  Laboratory of  Pharmacology  oJ  the  University  of  North  Carolina, 
Chapel Hill,) 
PLATES  51  TO  53. 
(Received for publication, May 31,  1918.) 
In Part I  of the present investigation, which was concerned with a 
study of the acid-base equilibrium of the blood in naturally nephro- 
pathic animals during the course of an anesthesia and also with the 
functional capacity of the kidneys of these animals, there was shown 
to be a relation between the depletion of the blood of its alkali reserve 
with  the  functional response  of the  kidney to  various diuretic sub- 
stances  and  to  the  development  of  an  anuria.  Naturally nephro- 
pathic  animals  when  contrasted  with  normal  animals  as  controls 
were shown to have an unstable acid-base equilibrium, and when the 
mechanism which controls this equilibrium was subjected to the action 
of an agent such as chloroform which tends to induce an acid intoxica- 
tion, the naturally nephropathic animals very rapidly developed such 
an  intoxication, and  became  anuric.  The  normal  animals gave  no 
evidence of an acid intoxication and in these animals the formation of 
urine was unaffected by the anesthetic. 
* Aided by a grant from The Rockefeller  Institute for Medical Research. 
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In  two  recent  papers). ~  which  were  concerned  with  the  acute 
nephropathy induced in the dog by uranium I have been able to show 
not only an association between the degree of kidney injury and  the 
severity of the acid intoxication induced by this metal,  but have also 
shown  that  the intravenous  use of an  alkali  in  these  animals  would 
protect the kidney against the toxic effect of uranium and increase the 
efficiency of various diuretic substances.  The first of these observa- 
tions has been recently confirmed by the work of Goto? 
In the present study, Part II, an investigation will be made of the 
ability  of  an  alkali  to  protect  the  naturally  nephropathic  kidney 
against  Gr6hant's  anesthetic and to ascertain whether or not a  suffi- 
cient degree of protection is obtained to enable the kidney to retain 
its  responsiveness  to  diuretic  solutions. 
EXPERIMENTAL. 
In  this  study a  technique  similar  to that  employed in  Part  I  has 
been  followed.  Twenty-eight  naturally  nephropathic  animals  have 
been used in  the  investigation.  Ten  of these  animals  were used  as 
control experiments, while the remaining eighteen animals were given 
an  alkaline  solution and  furnished  the  basis for the  deductions  con- 
cerning  the ability  of  an  alkali  to  protect  the  kidney  against  the 
toxic effect of an anesthetic. 
Observations  on  Naturally  Nephropathic  Animals  Prior  to Protecting 
the Kidney against the Anesthetic by Sodium Carbonate. 
The observations on both groups of animals prior to an anesthetic 
are included in Table I.  In this  table observations are recorded on 
1  MacNider,  W. deB., The inhibition  of the toxicity  of uranium  nitrate  by 
sodium carbonate,  and the protection  of the kidney acutely nephropathic from 
uranium from the toxic action of an anesthetic by sodium carbonate, J. Exp. Med., 
1916, xxiii, 171. 
2  MacNider,  The efficiency of various  diuretics in  the acutely nephropathlc 
kidney, protected'and  unprotected by sodium carbonate.  II, J. Exp. Med., 1917, 
xxvi, 19. 
s Goto, K., A study of the acidosis, blood urea, and plasma chlorides in uranium 
nephritis in the dog, and of the protective action of sodium bicarbonate, J. Exp. 
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two  of  the  control  animals,  Experiments  1  and  2,  and  four  of  the 
animals  which  received  the  alkaline  injection,  Experiments  3  to  6. 
The table shows all the animals  to be freely diuretic on the final day 
of observation prior to the use of an anesthetic.  All the animals were 
naturally  nephropathic.  The  urine  contained  albumin which  varied 
in amount from a mere trace to 1.5 gin. per liter.  Casts were present 
in  the  urine  from  all  the  animals.  The  urine  of only one  animal, 
Experiment  4,  showed  the  presence  of  acetone  bodies.  The  urine 
from  this  animal  contained  both  acetone  and  diacetic  acid.  The 
hydrogen ion content  of the blood has varied  from  7.35  to  7.5.  As 
indicated  in  Part  I  of these  studies  the  readings  do not  give a true 
expression of the non-volatile acid content of the blood.  The reserve 
alkali of the blood in these naturally nephropathic animals has varied 
between a minimum  of 8 and a maximum of 8.1.  The readings  cor- 
relate  with  the  determinations  of alveolar air  carbon  dioxide  which 
show a variation from 39 to 42 ram.  These observations substantiate 
the conclusion made in the previous study, that the naturally nephro- 
pathic dog with kidney changes largely confined to the glomeruli does 
not show a depletion in the alkali reserve of the blood. 
The  renal  function  test in  these animals  shows a  reduction in  the 
output  of phenolsulfonephthalein.  The  percentage  elimination  in  a 
2 hour period has varied from 54 to 64 per cent.  In all the animals 
there  is  an  increase  in  the  percentage  of  blood urea.  The  animal 
with  the  highest  percentage  of  blood  urea  has  shown  the  greatest 
reduction  in  the  elimination  of phenolsulfonephthalein  (Experiment 
6, Table I).  The foregoing account of observations made on naturally 
nephropathic  animals  used in  this  study,  confirms in  detail  the  ob- 
servations  made  on  the  naturally  nephropathic  animals  which  were 
employed in Part I. 
On the day of experiment  the animals were given 300 cc. of water 
by stomach tube.  3 hours later under local anesthesia from a  2 per 
cent solution of cocaine the control animals were given intravenously 
25  cc.  per  kilo  of 0.9  per  cent  sodium  chloride  solution;  while  the 
animals  which were  to receive the  protection  against  the  anesthetic 
were  given  intravenously  25  cc.  per  kilo  of  a  solution  of  sodium 
carbonate  equimolecular  with  0.9  per  cent  sodium  chloride.  The 
animals  were  then  anesthetized  by  Gr~hant's  anesthetic  in  60  per 520  I~ATURALLY  I~EPHROPATHIC  ANIMALS.  II 
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cent strength.  1 hour after giving the anesthetic the first observations 
were made on the acid-base equilibrium of the blood, the formation of 
urine,  and  the response of the kidney to various diuretic substances. 
The  details of these observations are recorded in Table II. 
A  study of the control animals of Table II which received prior to 
the anesthetic a  solution of sodium chloride shows a  response on the 
part of these animals  to the anesthetic similar  to that obtained with 
all the naturally nephropathic animals used in Part I of these studies. 
The animals show a rapid depletion in the alkali reserve of the blood 
so that by the end of the 1st hour of the experiments the reserve alkali 
readings have been reduced to 7.9.  At this stage of the experiments 
both the control animals,  Experiments  1 and 2, had become anuric. 
The  animal  of Experiment  1 was given  a  solution  of  theobromine, 
while the second control  animal,  Experiment  2,  was given pituitrin. 
The  animals  remained  anuric  and  non-responsive  to  these diuretic 
substances.  Half  an  hour  after  giving  these  solutions  the  alkali 
reserve of the blood in both the control animals was reduced to 7.85. 
During this period no urine had been formed.  2 hours after the com- 
mencement  of  the  anesthesia  the  control  animal  of  Experiment  1 
was given 10 cc. per kilo of a 0.9 per cent solution of urea, while the 
second control animal was given a  1 per cent solution of theobromme. 
To these diuretic solutions there was no response.  The blood at this 
stage of the experiments showed a  further depletion of reserve alkali. 
The  alkali  reserve reading  for  the  animal  of Experiment  1 was  7.7, 
while  the reading  for the second control animal,  Experiment  2,  was 
7.6.  The tension of alveolar air carbon dioxide showed a proportion- 
ate reduction.  The tension in Experiment  1 was reduced to 19 mm., 
while in Experiment  2  the  tension was reduced to 15 mm.  At this 
stage  of  the  experiments,  2  hours  after  the  commencement  of  the 
anesthesia, the kidneys were removed and the experiments terminated. 
The  histological  study of  the  kidneys  of these  naturally  nephro- 
pathic animals which received a solution of sodium chloride and served 
as  control  experiments  shows changes  similar  in  character  to  those 
described  for  the  naturally  nephropathic  animals  of  Part  I.  The 
kidneys  show a chronic  glomerulonephropathy.  The  acute  changes 
which have been induced in the kidneys  by the anesthetic and which 
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and an anuria, consist in an  acute  swelling  and  necrosis  of  the  con- 
voluted  tubule  epithelium  and  the  deposition  of  large  amounts  of 
stainable fat in the ascending limbs of Henle's loops. 
The  following  conclusions  are  permissible  from  the  observations 
on  naturally  nephropathic  animals  which  have  served  as  control 
experiments:  (1)  A  0.9  per  cent  solution  of  sodium  chloride  given 
to  a  naturally  nephropathic  animal  prior  to  an  anesthetic  has  no 
effect in protecting  the animal  against  an acid intoxication resulting 
from the  anesthetic.  (2)  With a  blood hydremic from such a  solu- 
tion various diuretic  substances as pituitrin,  theobromine,  and  solu- 
tions  of urea  are  ineffective  as  diuretics. 
Protection  of  the  Naturally  Nephropathic  Kidney  against  the  Toxic 
Effect of an Anesthetic  by Sodium Carbonate. 
A  study of  the  animals  of Table  II,  Experiments  3  to  6,  which 
received solutions of sodium carbonate, shows the effect of such solu- 
tions on the acid-base equilibrium  of the blood of naturally nephro- 
pathic  animals  and  the  efficiency of  the  solution  in  protecting  the 
kidney against the toxic effect of the anesthetic.  These experiments 
when  compared  with  the  control  animals  demonstrate  that  the  use 
of the  carbonate  solution conferred sufficient protection  against  the 
anesthetic  to prevent  tbe  animals  from becoming anuric  during  the 
development of an anesthesia.  As will be seen from a study of Table 
II,  all the control animals  at this early period of the anesthesia had 
become anuric. 
1  hour  after  the  commencement  of  the  anesthetic  the  carbonate 
animals continued to remain diuretic, the flow of urine in the respective 
animals  varying between one  to  two drops per minute.  The  alkali 
reserve of the blood at this period of observation as a result of the use 
of the  carbonate  solution has shown an increase in alkali  above the 
normal.  The readings vary from 8.25 to 8.3.  With the alkali reserve 
increased  to  this  degree  the  animals  were given either  a  solution of 
caffeine  or  pituitrin  to  test  the  functional  response  of  the  kidney. 
Two of the animals,  Experiments  3  and  5,  responded  to  these  diu- 
retics  by  an  increased  formation  of urine,  while  the two remaining 
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diuretics by an increase in the formation of urine, had a flow of urine 
of the same rate that existed before the use of a diuretic solution. 
At the second period of observation, 1½ hours after the commence- 
ment of the anesthesia, the two animals of Experiments 3 and 5, which 
had shown a diuretic effect from pituitrin showed but a slight reduc- 
tion in their alkali reserve and remained diuretic.  In these animals 
the alkali reserve had only been reduced from 8.3  to 8.2.  The two 
animals of Experiments 4 and  6, which had shown no diuretic effect 
from either  caffeine or  pituitrin,  showed  a  reduction in  the  alkali 
reserve of from 8.25 to 8 and from 8.3 to 8.1.  These variations in the 
rapidity with which the alkali reserve is used up by the anesthetized 
animals would indicate  that  the  animals which  continued  to  form 
urine, but which showed no increase in the output of urine from the 
diuretic solutions were forming during the anesthesia a larger amount 
of acid than were the animals which not only remained diuretic, but 
retained their responsiveness to diuretic substances.  The tolerance 
for an alkali as indicated by the rapidity with which the alkali reserve 
is depleted is greater in the animals non-responsive to diuretics than 
in the  animals in which the use of the diuretic solutions resulted in 
an increased formation of urine. 
At the final period of observation, 2 hours after the commencement 
of the anesthesia, two of the animals which had received the carbonate 
protection  prior  to  the  anesthetic  remained  diuretic  (Experiments 
3 and 5).  These animals had a reserve alkali reading of 8 and 7.95. 
The  tension of alveolar air  carbon  dioxide for the first animal was 
32 ram. and for the second animal 34 ram.  The animals of Experi- 
ments 4 and 6, which also received the carbonate protection, at this 
stage  of  the  experiment  showed  a  rapid  depletion  in  their  alkali 
reserve and an associated decrease in the tension of alveolar air car- 
bon dioxide.  The animal of Experiment 4  had an alkali reserve  of 
7.85  and  a  tension of alveolar air  carbon  dioxide of 24  ram.  The 
readings for the animal of Experiment 6 were practically the same. 
Thc alkali reserve had been reduced to 7.85,  and the carbon dioxide 
tension to 21 ram.  Both of these animals had become anuric. 
At  this  stage  of  the  experiments  the  animals  were  again  given 
diuretic solutions.  The animals of Experiments 3 and 5 were given 
respectively a solution of theobromine and a 0.9 per cent solution of 524  NATURALLY  NEPHROPATHIC  ANIMALS.  II 
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urea.  To  these  diuretic  substances  the  animals  were  responsive. 
In both experiments the output of urine was increased from one to 
two drops per minute.  The animals of Experiments 4 and 6, which 
had become anuric, were given either a 20 per cent solution of glucose 
or a 0.9 per cent solution of urea.  These solutions were of no diuretic 
valu.e.  The animals remained anuric. 
The histological examination of the kidneys of the animals which 
have been successfully protected against the toxic effect of the anes- 
thetic by a  solution of sodium carbonate shows the type of  chronic 
glomerular pathology which  has  been  previously  described.  The 
epithelium of the convoluted tubules shows only a  slight  degree of 
swelling  and  albuminous  degeneration.  The  epithelium  is  not 
vacuolated,  and  the  cells  show  no  advanced  degenerative changes 
indicative  of a  beginning necrosis.  The  cell  cytoplasm stains  uni- 
formly and the nuclei take an intense stain (Figs. 1 and 2). 
The kidneys of the animals which have shown an early protection 
against the anesthetic but which later in the experiments have shown 
a lack of protection by failing to respond to diuretic solutions and by 
finally becoming anuric, have like the control animals developed an 
acute  swelling,  vacuolation,  and  necrosis  of the  convoluted  tubule 
epithelium, and have shown a  large amount of fat in  the ascending 
limbs of Henle's loops  (Fig. 3). 
DISCUSSION. 
An analysis of the results obtained in the eighteen naturally nephro- 
pathic animals which received a  solution of sodium carbonate in an 
attempt to protect them against the toxic effect of an anesthetic shows 
that based upon the efficiency of the protection the animals may be 
divided  into  two  groups.  All  the  animals  for  an  hour  after  the 
development of a  state  of anesthesia remained diuretic.  This is in 
striking  contrast to  the control animals  that received the solutions 
of sodium chloride.  At this period of the experiments alI the latter 
animals had become anuric.  After this  first hour period,  however, 
the animals which received the carbonate solution while remaining 
diuretic show a variation in the degree of protection conferred .by the 
carbonate in that twelve of the eighteen animals which constitute one 526  NATURALLY  NEPItROPATHIC  ANIMALS.  II 
group were responsive to diuretic substances and showed an increased 
formation of urine when the solutions were employed, while four of the 
total number of animals representing the second group gave no diuretic 
response  to  the  same  diuretic solutions.  It  is  important  to  note 
that  at  this  period  of  the  experiments  the  reserve  alkali  of  these 
animals had undergone a  depletion, yet the depletion was not below 
the point of a  normal hydroxyl ion content.  We cannot, therefore, 
ascribe this lack of functional response to an acid intoxication in the 
sense  that  a  sufficiently large  amount  of  hydrogen ions  had  been 
liberated during the anesthesia to reduce the alkali reserve below the 
point of normality.  During the remainder of the experiments these 
animals which early in the anesthesia failed to show an increase in the 
formation of urine from diuretic substances, show a rapid depletion in 
their alkali reserve, and become anuric. 
The  group  of  animals  that  received  the  carbonate  solution  and 
were effectively protected  against  the  toxic effect of the  anesthetic 
maintained for a  longer period during the anesthesia the increase in 
the hydroxyl ion content of the blood.  At the end of the experiments 
these animals showed a reserve alkali which was  not depleted below 
7.95.  During the  anesthesia and  at  the  termination of  the  experi- 
ments the animals were not only forming urine but they were respon- 
sive to diuretic substances. 
The present investigation has shown that naturally nephropathic 
animals may be protected in varying degrees against the toxic effect 
of an anesthetic by the use of an alkaline solution and that a failure 
to protect such  a  kidney during an anesthesia is  associated with a 
rapid depletion of the blood of its alkali reserve and the development 
of an acid intoxication.  This change in the acid-base equilibrium of 
the blood in these animals has in turn been associated with an acute 
swelling and necrosis, particularly of the convoluted tubule epithelium, 
and the development of an anuria.  From this observation there is 
no evidence which would justify the conclusion that the increase in 
hydrogen ions  acting  as  such  upon  the  epithelial  element  of  the 
kidney is the cause for the acute swelling and necrosis of the epithelium. 
The actual way in which an increase of hydrogen ions leads to an in- 
jury of the epithelium and the mode of action of an alkaline solution 
in deferring or preventing this injury remains a  problem for future 
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CONCLUSIONS. 
1.  A  0.9  per  cent  solution  of  sodium  chloride  when  given  intra- 
venously  to  anesthetized  naturally  nephropathic  animals  is  not 
effective in preventing the development of an acid intoxication and the 
associated  kidney  injury. 
2.  A  solution  of  sodium  carbonate  equimolecular  with  a  0.9  per 
cent solution of sodium chloride when given intravenously to anesthe- 
tized  naturally  nephropathic  animals  confers a  variable  degree  of 
protection  to  the  kidney. 
3.  The  degree  of protection  conferred  by the  alkaline  solution  is 
associated  with  the  ability  of  the  solution  to  maintain  a  normal 
acid-base equilibrium of the blood of the anesthetized animal. 
EXPLANATION OF PLATES. 
PLATE 51. 
FIG. 1.  Camera  lucida  drawing,  Leitz oc. 2, obj.  6.  The figure is from the 
kidney of Experiment 3, Table II.  It shows at a, a glomerulus greatly increased 
in size from the formation of connective tissue.  The capsule is but slightly thick- 
ened.  The chronic glomerular pathology was mainly of the intracapillary type of 
change.  At  b are  shown  convoluted  tubules  the  epithelium  of  which  stains 
normally and shows no swelling.  At c are shown tubules  the epithelium  of which 
is slightly  swollen and stains imperfectly.  The kidneys of this animal  were suc- 
cessfully protected against the anesthetic by a solution of sodium carbonate.  The 
kidneys were responsive to both pituitrin and theobromine. 
PLATE 52. 
FIG. 2.  Camera lucida  drawing,  Zeiss oc. 3, obj. 6.  The figure is from the 
kidney of Experiment 5, Table II.  It shows at a  the glomerulus  which  is in- 
creased in size from the formation of connective tissue.  Many of the capillary 
loops have been obliterated.  At b is shown the thickened capsule.  At c is shown 
a  dense  mass of periglomerular  connective tissue.  The epithelium  of the con- 
voluted tubules at d shows but slight swelling.  The cytoplasm and nuclei of the 
cells stain well.  At e are shown two convoluted tubules in which  the epithelium 
is increased  in size without becoming  vacuolated.  The kidneys of this  animal 
were  successfully  protected against the anesthetic by  sodium  carbonate  The 
animal remained diuretic to pituitrin and a solution of urea. 528  NATURALLY  NEPHROPATHIC  ANIMALS.  II 
PLATE 53. 
FIG. 3.  Camera lucida drawing, Leitz oc.  2, obj. 6.  The figure is from the 
kidney of Experiment 6, Table II.  The figure shows  at a the glomerulus which 
is greatly increased in size from the formation of connective tissue.  Many of the 
capillary loops have become obliterated.  The tuft of capillaries is adherent to the 
greatly thickened capsule b.  The convoluted tubules at c show an acute swelling, 
vacuolar degeneration, and a  beginning necrosis.  The kidneys of this animal 
were imperfectly protected against the anesthetic by a solution of sodium carbon- 
ate.  The alkali reserve of the blood was rapidly depleted to a  reading of 7.85, 
and the animal became anuric and failed to show a diuretic effect from pituitrin 
and a solution of urea. THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. XXVIII.  PLATE 51. 
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